The thermal fragmentation process of melt droplets in an energetic fuel coolant interaction is investigated. Boling effect is considered to be the triggering event, during the transition of heat transfer mode from film boiling to nucleate boiling and coolant periodically contacting with the droplet surface. The vapor bubble around droplet becomes unstable and collapses toward the surface of the droplet which induces the fragmentation of melt droplets. The vapor bubble collapse is modeled by writing a momentum equation for vapor bubble dynamics, an energy equation for each region of the droplet, coolant vapor and liquid and linking each region by the appropriate boundary conditions. And then a thermal fragmentation model triggered by boiling effect is developed and verified. By using the developed model, the fragmented mass of the droplet triggered by boiling effect is calculated. The result shows that the fragmentation rate is larger than that given by hydrodynamic model.
Introduction
Fuel Coolant Interactions (FCIs) are the important phenomena during the Core Disruptive Accidents (CDAs) in LMFBRs or Core Melt Accidents (CMAs) in LWRs. The fragmentation process is a key factor to determine the ratio of heat transferred to power in FCIs, which estimated possible damage degree. The fragmentation mechanisms of melt droplets under different conditions have been studied for many years. Corradini reviewed the mechanisms and models and categorized the fragmentation mechanisms into two classes; hydrodynamic and thermal effects (1) . The hydrodynamic fragmentation occurs when the melt droplets are subjected to external surface forces sufficient to overcome the droplet surface tension. Several kinds of fragmentation mechanisms have been proposed for the hydrodynamic effects: Rayleigh-Taylor instability, Kelvin-Helmholtz instability and boundary layer stripping. In thermal mechanism, the internal forces break the droplet into parts (fragments). The thermal effects include boiling, evaporation, internal pressurization, surface solidification effects and so on. When the melt droplets are released into coolant, due to the evaporation of the coolant, a vapor film is formed around the droplet, as shown in Nelson's experiment (2) . The behavior of the vapor film is related to the temperatures of the droplet and the coolant, ambient pressure and properties of the coolant and the droplet. 
Development of Model

Acceleration Mechanism
When a high temperature melt droplet is immersed into coolant liquid, a vapor film is formed to surround the droplet. At the beginning of the immersion, because the temperature of the droplet is over the minimum film boiling temperature (MFBT), the vapor film is stable. As the temperature of the droplet decreases to point D, shown in the typical boiling curve in Fig.1 , the vapor bubble becomes unstable and collapses toward the surface of the droplet. In this transition region, coolant periodically contacts the droplet surface. The transition can be very violent and continue until the nucleate boiling regime is attained at point C. Due to the change of heat transfer mode from film boiling to nucleate boiling, the vapor bubble becomes unstable and a pressure pulse is generated at the vapor bubble collapse, which is exerted on the droplet surface and may induce the breakup of the droplet. 
Vapor Bubble Collapse
In this study, the vapor bubble collapse is modeled, which is similar to the method developed by Corradini (3) (4) . The vapor bubble collapse model due to heat transfer mode change is simulated by adding a heat flux term in the boundary condition of energy. The generation of the pressure during the vapor bubble collapse is related to the heat transfer change, the temperatures and the properties of the droplet and the coolant, and the system pressure.
The analytical model is shown in Fig.2 . The dynamic vapor bubble collapse process is modeled by writing a momentum equation for vapor bubble dynamics and an energy equation for each region, as shown in Fig.2 : melt droplet, vapor film and coolant and linking each region by the appropriate boundary conditions. The equilibrium is assumed on the interface between the vapor and coolant liquid. The integral approach is used in each region for the energy equations where the differential equation is integrated over the region and a temperature profile is assumed. 
The ambient pressure during the growth of the vapor film is held constant. Considering the evaporation of the coolant liquid on the interface, the velocity of the interface is given by
where dt dm v is the evaporation (or condensation ) rate on the interface, which can be calculated by the energy equation of the vapor.
where the internal energy of the vapor is
the volume of the vapor film is
the enthalpy of vapor is
and
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The boundary conditions on the surface of the droplet and the interface of vapor and coolant can be written respectively as ) ( 
The last term of the right hand side of Eq.(10) is added to consider the boiling effect (local liquid-liquid contact). Considering the boiling curve for saturated pool boiling of water at atmospheric pressure, when the heat transfer mode changes from film boiling to nucleate boiling, the heat flux is increased about 
The temperature distributions in the r direction in the droplet and the coolant liquid are required to solve these equations. Here a quadratic temperature distribution in the droplet is assumed
where
. The temperature distribution in the coolant liquid is assumed as
where ) (
The vapor bubble collapse induced by the boiling effect (due to the change of the heat transfer mode from film boiling to nucleate boiling) can be modeled by the above equation system, which can be solved by the Runge-Kutta-Gill method.
An example is calculated, in which the heat flux change with 2 5 / 10 8 m W × according to the boiling curve for saturated pool boiling of water at atmospheric pressure and the other initial conditions are taken from Nelson's experiment (2) . The calculation result
shows that a pressure pulse is generated in the vapor bubble due to the change of the heat transfer mode, as show in Fig.3 . The generated pressure pulse is up to a peak about 1.1M Pa in a very short time (about 0.004ms). Fig.3 The generated pressure in the vapor bubble due to heat transfer model change
Fragmentation Model
The generated pressure pulse in the vapor bubble can induce the instability of the droplet surface according to the instability analysis. The instability causes the fragmentation of the droplet. The development of fragmentation model is based on Ref. (5), in which the fragmentation rate can be written as 
And the size of the fragments, which can be written as
where frag d is the fragment size, d is the diameter of the original droplet, σ is the surface tension of the droplet and P ∆ is pressure exerted on the droplet surface.
In this study of fragmentation triggered by the boiling effect, since the pressure pulse in the vapor bubble is related to the evaporation rate difference between the stable vapor film boiling and nucleate boiling, which is related to the difference of the heat transfer to the interface of the vapor/coolant liquid, the temperature of droplet and coolant, radius of the droplet, and the properties of the materials involved. To use the developed formula Eq. (17) as a tool for numerical experiments, the averaged fragmentation rate, BE Γ (1/sec), of a melt droplet triggered by boiling effect, is fitted as the following formula, described by thermal parameters ) ( 56
where BE Γ is the fragmentation rate, defined as normalized fragmented mass of a droplet (fragmented mass is divided by initial droplet's mass) per second, ) ( 
The averaged fragments' size can be also estimated by Eq.(19) with an averaged pressure buildup in vapor film during vapor bubble collapse.
The proposed fragmentation rate increases with the increase of the ambient pressure, but it does not mean that high ambient pressure induces high probability of the occurrence of the fragmentation, which conflict with the fact observed in experiments. Since the probability of the occurrence of the triggering event is not studied, in the fitness of the proposed correlation, the triggering condition is assumed that the surface temperature of the droplet is reached to the MFBT of coolant. Then the unstable heat transfer mode causes the high pressure pulse in the vapor bubble. When the ambient pressure is increased, the vapor film becomes more stable, which reduces the probability of triggering, which will be considered in the simulation tool.
Verification of the Proposed Thermal Fragmentation Model
Verification with experiment
The size of debris in the experiment of Ref. (6) is selected to verify the proposed fragmentation model triggered by boiling effect. The initial temperature of the melt droplet is about 1000K. The prediction of fragment sizes by Eq.(19) is 0.54mm, which is near to the experimental data of 0.1 to 0.5mm estimated from the photos of the debris, indirectly verifying the proposed thermal model.
Although the proposed fragmentation model triggered by boiling effect is introduced into computer codes, due to lack of the multi-droplet experiment, in which the fragmentation is triggered by the boiling effect, the proposed thermal fragmentation model is not verified by the simulation of multi-droplet experiment. And, under the condition of the reactor cases, the thermal fragmentation triggered by the boiling effect may not be the dominant fragmentation mechanism.
Sample Calculation
An example is calculated by using the proposed model. The initial condition is that a melt droplet with radius of 1cm and melting temperature of 400K is immersed into water with temperature of 300K. The initial temperature of melt droplet is 800K, which is higher than the spontaneous nucleation temperature. Since the melting point is less than MFBT of water, after the temperature of melt droplet decreased below the MFBT, the droplet hasn't been solidified. During this period, the boiling effect dominates the fragmentation of the droplet. When the melting point is less than the MFBT, in order to estimate the pressure generation in the vapor bubble due to the change of the heat transfer mode from film boiling to nucleate boiling, it is assumed that the heat fluxes at the MFBT and at nucleate boiling After the relative velocity of the melt droplet to coolant is assumed to be 5m/s, usual velocity in the single droplet experiment, the calculated results show that the thermal fragmentation model given by the proposed model is much larger than that given by hydrodynamic model in Ref. (7).
Conclusions
In this study, based on the understanding of the thermal fragmentation mechanisms, in which a pressure pulse is generated and exerted on the melt droplet, for developing the fragmentation model, the vapor bubble collapse model is developed to estimate the generated pressure. And then, a thermal fragmentation model is proposed for the triggering events of boiling effect. For the convenient application of the model to the simulation tools, simplified correlations of the thermal fragmentation model are proposed, based on the fragmentation mechanism. The proposed model is indirectly verified by comparing the prediction of the fragment size with the experimental data collected after these experiments.
The thermal fragmentation mechanisms are related to the triggering events. Under experimental or reactor conditions, the triggering event is determined by the thermal conditions and other mechanical conditions in the system. Those conditions are not all considered in this study, in which the instability is proposed to be the thermal fragmentation mechanism. In the future the more triggering events should be studied. The proposed thermal fragmentation models should be verified by simulating more experiments with different thermal conditions.
